A Novel Design Method of Variable Helix Cutters to Attain robust Regeneration Suppression  by Takuya, Kojima et al.
 Procedia CIRP  8 ( 2013 )  363 – 367 
2212-8271 © 2013 The Authors. Published by Elsevier B.V.
Selection and peer-review under responsibility of The International Scientifi c Committee of the “14th CIRP Conference on Modeling of Machining 
Operations” in the person of the Conference Chair Prof. Luca Settineri
doi: 10.1016/j.procir.2013.06.117 
14th CIRP Conference on Modeling of Machining Operations (CIRP CMMO) 
A novel design method of variable helix cutters  
to attain robust regeneration suppression 
Kojima Takuyaa,*, Norikazu Suzukia, Rei Hinoa, Eiji Shamotoa 
aNagoya Univeristy, Furo-cho, Chikusa-ku, Nagoya, Aichi 464-8603, Japan 
* Corresponding author. Tel.: +81-52-789-4491; fax: +81-52-789-3107.E-mail address: kojima@mech.nagoya-u.ac.jp. 
Abstract 
Regeneration is major mechanism to generate self-excited chatter vibration in cutting. Variable helix cutters are useful to suppress 
regeneration. Although optimization of pitch/helix angles is significantly important at the same time, there is no practical design 
method to optimize the variable helix cutter geometry so far. In order to attain robust regeneration suppression, a new design 
method of variable helix cutters is proposed in the present study. The pitch angles vary along axial position due to disagreement of 
the helix angles. Because of this nature, regeneration can be suppressed in a robust manner with respect to changes of chatter 
frequency and/or spindle speed. Optimal pitch/helix angles are formulated on the basis of distinctive relationship between the cutter 
geometry and “Regeneration Factor (RF)”, which is an index to quantify influence of regeneration in the process.Through analytical 
investigations, it is confirmed that regeneration can be suppressed effectively in low immersion milling with variable helix cutters 
by the proposed method, resulting in significant chatter stability increase. 
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1. Introduction 
Here In order to attain highly efficient machining, 
chatter suppression often becomes a major concern in 
various cutting operations. It is known that the self-
excited chatter vibration is caused by an interaction 
between dynamics of mechanical structures and cutting 
process, i.e., Process-Machine-Interaction [1]. Thus, an 
optimization of the cutting process results in significant 
increase of chatter stability as an improvement of the 
mechanical structure dynamics increases stability. In 
order to attain appropriate process design, deep 
understanding of cutting process is significantly 
important for process engineers.  
Past researches clarified that regeneration in cutting 
process is one of the major mechanisms which trigger 
self-excited chatter vibration. As influence of the 
regeneration on the cutting process is directly related to 
the spindle rotation speed, chatter avoidance can be 
achieved by use of appropriate spindle speeds 
determined by the stability pockets [2].  
On the other hand, chatter stability can be increased 
efficiently by using irregular pitch /variable helix cutters, 
where regenerative vibrations can be canceled out each 
other. In order to attain effective regeneration 
suppression, the design of the cutter geometry is 
significantly important. Budak presented an optimization 
method of irregular pitch cutter geometry [3], and 
verified experimentally [4]. Shamoto et al. proposed a 
practical method to estimate optimum irregular pitch 
angles [5]. While these methods are only applicable to 
single-mode regeneration suppression, Suzuki et al. 
proposed general design method of irregular pitch 
cutters to suppress multi-mode regeneration [6]. These 
past studies also suggest importance of appropriate 
design of the cutter geometry. However, there is no 
practical method to optimize the pitch/helix angles of the 
variable helix cutters so far. Therefore, a new design 
method of variable helix cutters is proposed in the 
present study. 
Available online at www.sciencedirect.com
© 2013 The Authors. Published by Elsevier B.V.
Selection and peer-revi w und r responsibility f The International Scie tifi c Committee of the “14th CIRP Conf rence on Modeling of Machining 
Operatio s” in the perso  of the Conference Chair Pr f. Luca Setti eri
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
364   Kojima Takuya et al. /  Procedia CIRP  8 ( 2013 )  363 – 367 
 
In this paper, regenerative effect in cutting with 
variable helix cutters is evaluated by using an index 
“Regeneration Factor (RF)”, which represents influence 
of the regeneration in the process. Subsequently, an 
optimization method of pitch/helix angles is presented. 
Analytical investigations are followed and proposed idea 
is verified analytically. 
2. Regeneration factor in cutting with variable helix 
cutters 
Suzuki et al. [6] have proposed an index called as 
“Regeneration Factor (RF)”, which quantifies the 
regeneration suppression effect with respect to arbitrary 
vibration frequency. RF is formulated by taking an 
average of complex regeneration vector of each flute in 
irregular pitch cutters. Variable helix cutters have 
different helix flutes, and thus the pitch angles vary 
depending on the axial position. RF in cutting with 
variable helix cutters can be caluculated by discretizing 
the flutes along axial direction into Nzth in irregular pitch 
cutters and taking an average of complex vectors 
representing regeneration vibration of the discretized 
cutters as 
= , , (1) (1) 
where Nt is a number of flute, fc is chatter frequency, n is 
spindle speed, and j,z is pitch angle of flute j at axial 
position z. While RF becomes the maximum, i.e., one, in 
the process with regular pitch cutters, irregular pitch 
cutters and variable helix cutters decrease RF, i.e., less 
regenerative effect in the process. RF = 0 means zero 
regeneration. 
Assuming a two-flute variable helix cutter, Fig.1 
shows pitch angle variations along the axial tool position. 
1, 2 and (z) denote pitch angles of flute 1 and flute 2 
and their difference at the axial position z. The pitch 
angles continuously change into 1±  and 2 at 
± z shifted peripheral level from z. 1 and 2 are helix 
angles of flute 1 and flute 2. Then, RF can be obtained 
from the following equation. 
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Eq.(2) indicates that the pitch differences at the z± z 
levels are substantially considered to be the same as 
(z) at the z level by changing pairs of them. Therefore, 
when (z) corresponds to the suitable pitch difference 
to suppress the regeneration, regenerative vibration sat 
the axial positions symmetric about the axial position z 
are also canceled out. The optimum pitch angle 
difference opt,m [5] can be estimated roughly from the 
spindle speed n and chatter frequency fc by using 
following Eq. (3) 
, = 2 + ,  (3) 
where m is integer. Fig.2 demonstrates pitch difference 
distribution along the tool axial position, where the 
regenerative vibration can be canceled around the 
optimum pitch difference position. max and min 
represent maximum and minimum pitch angle 
differences, respectively. Although there is slight 
ineffective zone, the regeneration is consequently 
suppressed at most flute-workpiece contact area, 
resulting in nearly-zero RF. 
From Fig.2, it is obvious that |RF| becomes 
completely zero when the pitch difference satisfies either 
of following conditions (1) or (2); 
(1) Average pitch difference agrees with the optimum 
one.  
(2) Ratio of pitch difference variation range max-
min to optimum pitch difference ,  is in 
multiples of four.  
 
Fig.1. Pitch angle distribution of variable helix cutter 
 
Fig.2. Pitch difference distribution of variable helix cutter 
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3. Robustness in regeneration suppression 
If the chatter frequency is constant and identical in 
advance, the cutter geometry can be designed simply 
satisfying the optimum pitch angle given by Eq.(3). 
However, chatter frequency is usually an unknown 
parameter, and it might vary during machining. 
Therefore, it is important to assume the existence of 
some error in actual and expected chatter frequencies. 
For the error, the cutter geometry should be designed to 
attain robust regeneration suppression. In order to clarify 
influence of the estimation error of the chatter frequency 
on the regeneration suppression, an analytical 
investigation is conducted. Fig.3 demonstrates calculated 
|RF| distribution in cutting with a two-flute variable 
helix cutter. Horizontal axis denotes the ratio of the 
variation of the pitch difference max- min to the 
average pitch difference , which corresponds to 
,  given by the estimated chatter frequency fc. ( ) , = 0  means that the pitch 
difference is constant, i.e., irregular pitch cutters. 
Vertical axis represents the error of the actual chatter 
frequency fc’ to the estimated one fc. 
As shown in Fig.3, |RF| becomes zero at zero 
frequency error conditions, where the average pitch 
difference  agrees to the optimum one. Larger 
frequency error adversely causes larger |RF|. It is also 
confirmed that |RF| tends to be smaller with an increase 
of the pitch difference variation ratio. This is understood 
as follows. The chatter frequency error results in change 
of the optimum pitch difference, as shown in Eq.(3). 
Varied optimum pitch difference, however, is still 
included within the pitch difference variation range. 
Regeneration canceled area becomes small when the 
pitch difference variation ratio is large, see Fig.2. 
Consequently, the regeneration can be canceled out at 
most area, thus |RF| is kept to be small regardless of the 
chatter frequency error. This is why the regeneration 
suppression can be attained by variable helix cutters in a 
robust manner as compared to irregular pitch cutters. 
However, larger pitch angle difference induces larger 
forced vibration and surface roughness deterioration. 
From these points of view, pitch angle difference should 
be kept small. 
From Fig.3, |RF| becomes zero when the pitch 
difference variation satisfies following equation; 
= 4 ,  
= 8 +  (4) 
where h is integer. In order to attain robust regeneration 
suppression, helix angles should be designed to satisfy 
Eq.(4).  
4. Design method of optimum helix/pitch angles 
4.1. Basic design of helix/pitch angles 
Base on the relationships of the pitch difference and 
the chatter frequency to RF, pitch/helix angles of 
variable helix cutters can be designed to attain robust 
regeneration suppression at an axial depth of cut ap: 
(1) Pitch difference at half axial depth of ap/2, i.e., 
average pitch difference mean, is designed to 
satisfy Eq. (3). 
(2) Pitch difference variation is designed to satisfy 
Eq.(4). ( = 1and =  are assigned.) 
For simplification, proposed design method of pitch 
angles and helix angles are formulated assuming single-
mode regeneration suppression with a two-flute variable 
helix cutter. Pitch angle difference at half axial depth of 
cut mean is presented as: 
= (0) | | (5) 
where (0) is a pitch angle difference at tool bottom 
end and D is a diameter of tool. The variation of the 
pitch angle difference max min is given as: 
 = | | (6) 
The pitch angles and the helix angles are derived from 
Eqs.(5) and (6) as follows; 
(0) = (1 + 2 ) + | | (7) 
= tan 2 60 (1 + 2 ) + tan  
= (1 + 2 ) +  (8) 
= ( + ) (9) 
 
Fig.3. |RF| distribution 
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where 0 is initial value of helix angle. When the 
number of teeth is even, each pair of teeth should satisfy 
pitch/helix angles given by Eqs.(7) and (8). 
Analytical investigations are conducted to verify the 
proposed method. The chatter stabilities in milling 
operations with a regular pitch cutter, irregular pitch 
cutter and variable helix cutter with 2 flutes are 
calculated and compared. Mechanical structure which is 
flexible in x-axis and y-axis but stiff in z-axis is assumed. 
Table 1 presents modal parameters of the mechanical 
structure, whose natural frequency is about 1380 Hz. 
The pitch angles of the irregular pitch cutter are 
optimized assuming the chatter frequency of 1380 Hz 
and the spindle speed of 2400 min-1. Meanwhile, the 
variable helix cutter is designed from Eq. (7) and Eq. (8). 
The axial depth of cut is assumed as 100 mm. Tool 
geometries used for the analysis are summarized in 
Table 2. The chatter stabilities are calculated based on 
zero-order solution in frequency domain [7]. Assumed 
other parameters are shown in Table 3. 
Calculated stability charts are compared in Fig.4. The 
stability limit in axial depth of cut in the regular pitch 
cutter (Reg) is the smallest as compared to those in the 
irregular pitch cutter (IR) and in the variable helix cutter 
(VH). The irregular pitch cutter attains slightly better 
chatter stability than the variable helix cutter around the 
target spindle speed. However, stable condition can be 
provided over a wider spindle speed range around the 
target axial depth of cut ap by the variable helix cutter. It 
should be noted that the advantage of the regeneration 
suppression cannot be available when mode-coupling 
affects the dynamic system. In this investigation, the 
influence of the mode-coupling is considered to be 
negligible due to low immersion milling. 
4.2. Combination of helix/pitch angles 
Fig.5 shows two kinds of pitch/helix angles 
combinations in case of four-flute variable helix cutters. 
In Combination I, pairs of pitch/helix angles are ( 1, 1), 
( 2, 2), while ( 1, 1),( 1, 2),( 2, 1),( 2, 2) in 
Combination II. Fig.6 shows calculated |RF| and 
stability limits for these patterns. In Combination I, |RF| 
varies depending on the axial depth of cut. Chatter 
stability can be increased only at small |RF| conditions. 
On the other hand, Combination II attains significantly 
Table 1: Assuming modal parameters 
Transfer 
function 
Mass 
kg 
Damping 
N/(m/s) 
Spring 
N/s 
Gxx 0.126 2.40E+01 9.47E+06 
Gxy -2.24 2.08E+02 -1.71E+08 
Gyx 2.03 1.70E+02 1.51E+08 
Gyy 0.135 2.74E+01 1.02E+07 
Table 2: Tool specifications 
Tool Pitch angles at bottom  deg Helix angles  deg 
Reg 180, 180 30, 30 
IR 177.4, 182.6 30, 30 
VH 182.6, 177.4 30.4, 29.6 
Table 3: Analytical conditions 
Tool 
Diameter  mm 20 
Number of teeth 2 
Cutting 
condition 
Radial depth of cut  mm 0.8 
Cut style Down 
Feed direction x 
Cutting force 
coefficients 
Tangential  MPa 815 
Radial ratio 0.2 
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Fig.4. Calculated stability limits 
 
Combination I: ( , ) and ( , ) 
 
Combination II: ( , ), ( , ), ( , ) and ( , ) 
Fig.5. Pitch angle distribution of variable helix cutter (Nt=4) 
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robust regeneration suppression with respect to changes 
of the spindle speed and the axial depth of cut. The 
chatter stability is drastically increased as well. This 
robustness is due to distinctive combination effect of the 
pitch angles. In Fig.5, the phase difference at position 
z± z in Combination II becomes the same as that in the 
position z by taking a pair of pitch angles ( 1± ) and 
( 2± ). In other words, not only symmetrical nature in 
axial direction but also distinctive pitch difference 
matching in same z level contributes to strong 
regeneration suppression in Combination II. And thus, 
the combination of the pitch/helix angles is considerably 
important. If a flute number is 2, Combination I is only 
applicable, resulting in less robustness with respect to 
changes of spindle speed and axial depth of cut. 
5. Conclusion 
A new design method of variable helix cutters to 
attain robust regeneration suppression is proposed in the 
present research. Regenerative effect in cutting with 
variable helix cutters is evaluated by using an index 
“Regeneration Factor (RF)”. Based on the relationship of 
the pitch difference and the chatter frequency to RF, 
optimum pitch/helix angles are formulated. From the 
analytical investigation, it is confirmed that the chatter 
stability is increased over a wider spindle speed range by 
applying proposed design method. In order to attain 
robust regeneration suppression, consideration of 
appropriate combination of pitch and helix angles is 
significantly important. 
References 
[1] Tlusty, J., 1999, Manufacturing Process and Equipment, Prentice Hall. 
[2] Altintas, Y., 2000, Manufacturing Automation, Cambridge Univ. Press. 
[3] Budak, E., 2003, An Analytical Design Method for Milling Cutters with 
Nonconstant Pitch to Increase Stability, Part I: Theory, Journal of 
Manufacturing Science and Engineering (ASME), 125, pp. 29. 
[4] Budak, E., 2003, An Analytical Design Method for Milling Cutters with 
Nonconstant Pitch to Increase Stability, Part II: Application, Journal of 
Manufacturing Science and Engineering (ASME), 125, pp. 35. 
[5] Shamoto, E., Kageyama, K., Moriwaki, T., 2002, Suppression of 
Regenerative Chatter Vibration with Irregular Pitch End Mill, Proc. of 
Kansai branch meeting in JSME, 024-1, 3-5. (in Japanese) 
[6] Suzuki, N., Kojima, T., Hino, R., Shamoto, E., 2012, A novel design 
method of irregular pitch cutters to attain simultaneous suppression of 
multi-mode regenerations, Procedia CIRP, 4, pp. 98. 
[7] Altintas, Y., Engin, S., Budak, E., 1999, Analytical Stability Prediction 
and Design of Variable Pitch Cutters, Journal of Manufacturing 
Science and Engineering (ASME), 121, pp. 173. 
 
 
(a) Combination I 
( 1, 2, 3, 4) = (92.6, 87.4, 92.6, 87.4) deg 
( 1, 2, 3, 4) = (29.3, 30.7, 29.3, 30.7) deg
 
(b) Combination II 
( 1, 2, 3, 4) = (87.4, 87.4, 92.6, 92.6) deg 
( 1, 2, 3, 4) = (29.3, 30.7, 29.3, 30.7) deg
Fig.6. Calculated |RF| distribution and stability limit 
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